INTRODUCTION
Retroviruses are distinguished from other RNA viruses by two steps in their replication cycle: reverse transcription and integration of viral DNA (provirus) into the host chromosome (for a general review see [1] ). These events are catalyzed by products of the retroviral pol gene: reverse transcriptase (RT) and the integration protein or integrase (IN), respectively ( Fig. 1 ) [2] [3] [4] . During transcription of viral RNA into DNA by RT, long terminal repeats (LTRs) are formed at the ends of the linear DNA products (see Fig. 3A ). Each LTR is comprised of sequences derived from the 5' and 3' ends of the viral RNA (denoted U5,R and U3). The linear viral DNA appears to be the precursor of the integrated provirus [5, 6] and the ends of the LTRs contain c/j-acting sequences that are required for integration [7] [8] [9] . There is no apparent sequence specificity for host cell DNA integration sites although a preference has been noted [10] .
However, during the integration reaction, characteristic sequence alterations of both the viral DNA and the host DNA occur; two nucleotides are lost from each end of the viral DNA, and cellular DNA (4 to 6 base pairs) is duplicated at the integration site. The integration reaction of retroviruses is similar to the DNA breakage/joining reactions characteristic of prokaryotic transposable elements, in that both types of reactions include transposition from 'within' a larger DNA and duplication of host cell target sequences [ 11 -14] . Both types of elements also encode proteins required for their own transposition.
In ASLV, whose prototype is the Rous sarcoma virus (RSV), IN is synthesized as part of the gag-pol precursor and is formed by N-and C-terminal proteolytic processing [15 -17] . The ASLV IN domain is also contained in the C-terminal third of the 0 chain of RT (Fig. 1) . ASLV IN possesses DNA binding, endonuclease, and DNA joining activities that can be demonstrated in vitro [13, 18] . Purified ASLV IN can preferentially remove two T residues from the 3' ends of duplex oligonucleotides that correspond to the ends of the LTRs (5' C AIJT3'), exposing the conserved C A dinucleotide that is joined to host DNA in vivo [19] . A similar endonuclease activity has been detected for IN protein of Moloney Murine Leukemia Virus (MoMLV) [20, 21] . Under certain conditions, ASLV IN also has the potential to make a staggered 6 bp cut, which is consistent with formation of the 6 bp direct repeat found flanking the integrated DNA [22, 23] .
Analysis of the deduced amino acid sequences of IN proteins may reveal conserved structural elements associated with known IN functions: 1) for specific recognition and removal of 2 nucleotides from the ends of the viral DNA 2) for binding and cutting the host target DNA, and 3) joining host and viral DNA ends. Such considerations suggest that IN may contain two DNA recognition sites. The endonuclease and integrase activities of ASLV and MLV IN require Mg 2+ or Mn 2+ but do not require an exogenous source of energy such as ATP [13, 14, 18] . A mechanism which derives energy from the integration reaction itself, might involve a covalent bond between the DNA intermediates and IN [24] , such as occurs in other strand exchange proteins such as topoisomerases [25] . Because two sterically and temporally coordinated reactions (one for each end of the viral DNA) are required for successful integration of the viral DNA, it is reasonable to suppose that IN functions as a dimer, and DNA footprinting studies with ASLV IN support this hypothesis [26] . IN proteins may, therefore, contain a region(s) involved in protein-protein interactions.
In this paper we compare the deduced amino acid sequence of ASLV IN with that of other retroviruses, retrotransposons and bacterial insertion elements. Computer-assisted alignments have revealed two highly conserved regions [denoted HHCC and D (35) E] that may represent DNA binding or cutting domains. (A preliminary report on this alignment has been presented [27] .) Bacterially-produced IN mutants were used to determine the roles of these regions in DNA binding/cutting. Surprisingly, the Nterminal HHCC region, reminiscent of a transcription factor DNA binding domain [28] , was neither necessary nor sufficient for binding. Rather, the D(35)E region near the middle of the protein may contribute to DNA binding. Sequence analysis. Protein sequences were deduced from the DNA sequence or extracted directly from the GCG [29] and the Los Alamos HTV [30] databases. Sequence manipulations used programs associated with the GCG package [31] . Data used were those entered up to December 31, 1989 . Initial searches used the program PROFILESEARCH, accepting proteins which has a sequence similar to that of the known sequences of IN from RSV, HIV and MoMLV and which were located in an appropriate part of the retroviral/retrotransposon genome (3' end of the/wZ gene or 5' end of the TyB gene). Wider searches were conducted using the program TFASTA. A high scoring protein was accepted as an IN only if it also showed the above six conserved residues. An earlier computer search of 5 closely related IN sequences [28] , showed 16 conserved residues. On extending the analysis to 80 retroviral and retrotransposon IN proteins, we found that only 6 of these residues (HHCCDE) are totally conserved in the regions shown in Figures 2 and 3 .
MATERIALS AND METHODS

Enzymes
Residue numbering: IN numbering is according to the residue position in RSV IN.
Protein sequences. Sequences accepted are listed by abbreviation (organism name/virus name, accession name/synonyms). A selected member of each retroviral group was chosen for display in the alignment figures (2 and 3). When several members of a group have the same name, the sequence selected for display is marked by an (*): Multiple sequence alignment used the minimal mutation distance method of Hein [32] , which also gives a phylogenetic tree for the alignment. This program can only align sequences of similar length. The comparison was therefore restricted to those residues which aligned with the first 180 residues of RSV IN.
Residue similarity. For Figures 2 and 3 , residues were scored by vertical alignment into six small groups of amino acids with similar side chain properties: ST, ILMV, DENQ, FYW, GA, KR; or into two large groups: ILMVFYW, which are generally hydrophobic, and QNSTDE, which are hydrogen bonding or polar. The shading patterns used were: white on black-single type of residue present in at least 50% of the proteins, or if a member of a small group was present in at least 75% of the proteins, or if a member of a large group was present in at least 90% of the proteins; white on grey-member of a small group present in at least 50% of the proteins, or member of a large group present in at least 75% of the proteins; black on whitenon-conserved positively charged residues. If the two conserved HH residues in the HHCC motif are vertically aligned by hand, other groups come into register. These, which are also shaded in Figure 2 , include: the two conserved H groups in the HHCC motif, the hydrophobic residues near position 1 and 25, and the hydrophobic residues at position 16 which are an alternative alignment to the residues at position 19. The two halves of Figure 3 (IN proteins and insertion sequences) were scored separately. Residues from one of the protein groups which belonged to groups shaded in the other half, were shaded white on grey.
Secondary structure prediction. Secondary structure was predicted using PEPPLOT [33] , based on the Chou and Fasman method [34] and the Gamier prediction method [35] of the GCG package. Predictions were compared with the results of CD spectroscopy on RSV IN, which showed IN to have 17% a-helix, 32% /3-sheet, 18% turns and 33% irregular structure [36] .
Construction ofcarboxyl and amino terminal deletion clones and E. coli expression. Plasmid pRC23-p32 [37] , linearized with Xhol which cleaves just downstream of the 3' end of the IN coding sequences, was used as substrate for BaBl digestion to make carboxyl terminal deletions. The samples were then digested with EcoRl, which cleaves 4 bp upstream of the 5' end of IN [16] . The resultant EcoRl-BaBl digested fragments were cloned in a second vector which introduced Bamlil sites at the 3'-ends of the IN segments. After repair of the IN 5' EcoRl sites, EcoR\/BamH\ fragments were cloned in the Smal and BamHl sites of the polylinker region of the protein A fusion vector, pRTT2T (Pharmacia, Piscataway, NJ), which contains the lambda phage P R promoter. Ligation of the repaired EcoRl site at the 5' end of IN, with S/nal-digested pRTTCT resulted in an in-frame fusion of protein A and IN translation^ reading frames. This cloning strategy generated a set of EN C-terminal deletions which were fused in translational frame to the C-terminus of protein A. The complete IN fusion was made in a similar fashion. The Nterminal deletion mutant, EN(17-286), was made by digesting the plasmid pRIT2T-IN with £coRI and BssHU, removing the overhangs with mungbean nuclease, and religating. The DNAs were used to transform the E. coli strain MC1061 [38] , which also expressed a temperature-sensitive repressor from a separate plasmid, pRK248cIts [39] . The presence of fusion proteins was verified by electrophoresis of proteins from induced cell lysates on polyacrylamide gels [40] , followed by immunoblot analysis utilizing a goat anti-reverse transcriptase serum [16] .
Oligonucleotide-directed mutagenesis. Oligonucleotides were used to introduce changes in specific amino acid residues in the HHCC domain of IN, by published procedures [41, 42] . The changes were: His9 to Asn or Hisl3 to Asn as single mutations in pRC23p32. Additional nucleotides were changed without altering the encoded amino acids in order to create new Dral or Sspl restrictions sites. All deletions and site-directed mutations were confirmed by the sequencing method of Maxam and Gilbert [43] . The mutagenic oligonucleotides were: . Expression from the lambda P R promoter in the pRTT2T derivatives was derepressed by a shift in temperature to 42°C for 2 -3 hr. Cells were pelleted by centrifugation and suspended in 2 ml of icecold TST buffer (50 mM Tris-HCl, pH 7.6, 150 mM NaCl and 0.05% Tween). Cells were lysed by sonication and a soluble fraction was prepared by centrifugation in a Beckman 70 Ti rotor at 30,000 rpm for 30 min at 4°C. The supernatants were diluted with the addition of 3 ml cold TST buffer and incubated on ice for 10 min. The clear supernatants were then loaded on 1 ml IgG Sepharose 6FF columns which had been pre-equilibrated with 10 column volumes of TST. The protein A fusions were eluted with 0.3 M lithium diiodosalicylate (pH 8.0) after a 12 ml wash with TST. Twelve fractions of 250 fi\ each were collected and 15 n\ aliquots analyzed on 10% SDS polyacrylamide gels. Fractions containing the IN fusion protein (detected by Coomassie staining) were then assayed for DNA binding and/or endonuclease activity. Active fractions were dialyzed against cold Buffer A (50 mM Tris-HCl pH 7.8, 2 mM DTT, 0.1 mM EDTA and 10% glycerol) using the microdialysis system (BRL) and stored in 40% glycerol at -20°C.
Purification of mature, non-fusion IN protein.
Procedures for purification of IN from AMV particles have been described [ 19] . For purification of IN from bacteria, E. coli strain MC1061 containing the mature IN expression vector pRC23-p32, or H9N or H13N derivatives, and the plasmid encoding the temperaturesensitive Xcl repressor was grown in modified M9 medium at 30°C to an O.D.goo of 0.5. Expression of the protein was induced by increasing the temperature to 42 °C as described by Terry et al. [37] . Bacteria were harvested by centrifugation and pellets from 2 liters of culture were suspended in 20 ml of sonication buffer (5 M NaCl, 50 mM Tris-HCl pH 7.4, 10% glycerol, 4 mM DTT and 0.1 mM EDTA). The cells were lysed by sonication (35 sec x 20 pulses) and bacterial debris removed by centrifugation. Then 6% polyethylene glycol 8000 (PEG) and 4% Dextran 500 (w/w) were added to the cell lysate and the mixture was allowed to emulsify at 4°C for 2 -3 hr. Phase separation was accelerated by low speed centrifugation at 4°C and the top phase was withdrawn. The protein phase was extensively dialyzed in PI 1 buffer (100 mM NaCl, 50 mM TrisHCl pH 7.4, 4 mM mercaptoethanol, 0.1 mM EDTA, 10% glycerol) to remove the PEG and Dextran. The dialyzed sample was then loaded onto a 75 ml phosphocellulose column (15 X 2.5 cms) that had been pre-equilibrated with PI 1 buffer. The protein was eluted with a linear gradient of 0.1 to 1.2 M NaCl. The fractions containing the IN protein were pooled, dialyzed in storage buffer (40% glycerol, 100 mM NaCl, 50 mM Tris-HCl pH 7.4, 4 mM mercaptoethanol and 0.1 mM EDTA) and stored at -70°C. For final purification, protein solutions were diluted 4-fold, applied to a polyU Sepharose column, and eluted as described previously [37] . At this stage, wild-type IN and H9N, H13N mutant proteins were >90% pure as judged by Coomassie staining after gel electrophoresis.
DNA binding assay.
3 H-d(AT) copolymer (500 cpm/pmole nucleotide), the substrate for the DNA binding assay was prepared as described by Terry [37] . Column fractions were assayed in a 100 /J reaction containing 50 ngs of protein sample, 75 pmoles substrate DNA, 10 mM Tris-HCl pH 8.0, 5 mM DTT, 10 mM KC1 and 10 mM MgCl 2 . Reactions were incubated at 37°C for 3 min, then diluted in 2 ml dilution buffer (same as reaction buffer except 40 mM KC1) and passed slowly through nitrocellulose filters. Filters were counted to measure the DNA retention [37] .
Oligonucleotide nicking assay. Standard conditions described by Katzman [19] were used to assay 50-100 ng samples of purified fusion proteins or non-fused EN proteins. Incubation was at 37°C in 2 mM Mn 2+ or Mg 2+ for the times indicated in the figures. Reactions were analyzed on 20% polyacrylamide gels containing 8 M urea. 
RESULTS
Sequence alignment. The multiple sequence alignment used here [32] compares sequences on a residue-by-residue basis. It employs a modified version of the Dayhoff Mutation Data Matrix [44] to determine the probability that amino acid differences in proteins of related function are the result of mutations from a common ancestor. It produces an alignment in which sequences are arrayed such that those closest to one another can be derived by the minimum amount of mutation. Aligned residues are thus presumed to be related in an evolutionary and hence functional sense [45] . No other information, such as the tendency of a particular set of residues to form a secondary structural unit, is implicitly included in the alignment. Presumably it is possible for a series of mutations (insertions or deletions) to move a conserved structural element horizontally within each sequence.
In such a case, the ability to infer the presence of a conserved structure depends on recognition of secondary structure-forming elements, such as the constellation of histidine and cysteine residues which are the hallmarks of a Zn finger. Alignment of residues corresponding to the first 180 amino acids (a.a.) of RSV IN (286 a.a.), gave a phylogenetic tree consistent with a classification of retroviruses based on genome organization. Thus, the alignment reflects the evolutionary history of IN and should contain information about conserved structure. The sequences are ordered in Figure 2 and Figure 3 to show phylogenetic relatedness, adjacent pairs of sequences being most closely related. The first sequences of these figures (RSV to SNV) contain retroviruses and endogenous retroviruses, while the last sequences (Ty3-2 to Copia) contain retrotransposons and endogenous retroviruses. The alignment shows that the integrases vary in length between 280-450 residues, with an N-terminal region (RSV residues 9-40) that contains conserved histidines and cystidines (the HHCC region, Fig. 2 ) and a region of conserved length (for RSV, starting at residue 121) which has the sequence D(35)E (Fig. 3) .
RSV
The HHCC residues, although present in all IN proteins, are not vertically aligned. Thus, any conserved structural element associated with these residues must have moved during evolution, to different positions in the sequence. Consistent with this hypothesis, there are hydrophobic residues at position 17 for the sequences MoMLV through Gypsy which may functionally align with the hydrophobic residues at position 19. The only IN in our comparison that did not include an HHCC sequence was from the molecular clone HTV2NIHZ which has the sequence HHCV [46] . It may be relevant that the full length NIHZ DNA is not infectious for HUT-78 human T cells, (G. Franchini, personal communication). We examined the possibility of a conserved structure in the HHCC regions using secondary structure prediction programs. These showed that most HHCC sequences had either a helix breaking G or P halfway along the finger, or else a predicted turn which allows the sequence to fold back along itself. However, there was no unifying structural theme for the two legs on either side of the turn.
The D(35)E region encompasses about 50 residues; its central feature is a conserved D (RSV residue 121) followed by 35 residues and then a conserved E (RSV residue 157). (There are small variations in the 35 residue length for two INs from the distantly related Drosophila retrotransposons.) The region is highly conserved. At 16 positions, conservative replacements occur at least 75% of the time, while at another 16 positions conservative replacements occur at least 50% of the time. The conservation is sufficiently strong that the remaining nonconserved residues can be aligned without gaps or insertions (Fig. 3, top section) . The secondary structure predictions are more consistent for this region than for the HHCC region. The sequence around the conserved D is usually TDNG or similar. The predicted structure is beta sheet up to a turn at the TDNG, then random coil or a helix for the first quarter of the motif. The region around El57 is also a helix. Similar D(35)E sequences of the same length and which aligned without insertions or deletions, were found in a number of bacterial insertion sequences (IS) (Fig. 3, bottom) . The evolutionary relationship among some of these IS elements has already been noted [47] , The sequence similarity between the retroviruses and IS elements extends in both directions from the D and E residues, covering about 50 residues.
Construction and analysis of IN fusion proteins.
In order to facilitate the biochemical analyses of the conserved regions in ASLV IN, we used fusion proteins produced in bacteria. In this way, a series of different mutant proteins could be purified using a common domain. The 5' end of the IN coding region was joined to the 3' end of the 5. aureus protein A gene (Fig. 1 ) and the fusion protein was expressed in E. coli. Although the protein A-IN fusion was not visible as a strong band on a Coomassie brilliant blue stained gel, it could be detected by immunoblot analysis utilizing anti-IN antibodies [16] (data not shown). Such analysis indicated that more than 50% of the fusion protein was in the soluble fraction of the E. coli lysate.
Soluble fusion proteins were bound to IgG affinity columns via the protein A component and then eluted. The recovered proteins were greater than 70% homogeneous as judged by analysis on SDS PAGE gels. As shown in Figure 4 , a slower migrating protein co-eluted with the protein A-IN fusion in the eluate fractions. This protein was not related to protein A or IN as determined by immunoblotting (not shown). A number of the faster migrating bands, however, were IN-related. We presume that they represent premature termination or degradation products. Some fusion protein-containing fractions that were eluted late from the columns contained a precipitate of unknown origin and were inactive in the assays described below. (Table I) show that the binding activity of the IN-fusion was slightly lower than that of the viral protein (on a molar basis). This was not surprising since the protein undergoes a rigorous column elution which may lead to partial denaturation. As a negative control, binding experiments were carried out using protein A that was expressed from the parent vector and purified in parallel. These protein A-containing fractions showed little binding activity above background (Table 1) .
Activities of IN fusion proteins. Prior to any attempts to analyze altered fusion proteins, it was necessary to determine whether
Endonuclease activity of the IN-fusion was tested using an oligonucleotide cleavage assay. A 15mer representing the minus strand of the RSV LTR U3 end was 32 P-labelled at its 5' terminus (with polynucleotide kinase) and annealed to a complementary 15mer (Fig. 5B) . The duplex was incubated with the fusion protein and samples of the reaction were analyzed on 20% sequencing gels. Specificity was indicated by the removal of two T residues from the 3' end, producing a labelled oligonucleotide product that is two nucleotides shorter (-2) than the substrate [19] . The endonuclease activity of the protein A-IN(wt) fusion was significantly lower than the viral protein in the presence of Mg 2 + (data not shown). However, using Mn 2+ as the divalent cofactor, the activities of these proteins were similar (Fig. 5A) . It may be relevant that when IN is fused to other pol sequences, as it is in the beta subunit of RT (see Fig. 1 ), endonuclease activity is also observed only in the presence of Mn 2+ [48, 22] . The major endonucleolytic product of the protein A-IN(wt) fusion is an oligonucleotide two residues shorter than the substrate (indicating the loss of two T residues). In this assay, the fusion protein exhibited even greater specificity for the -2 site than the authentic viral protein. Accordingly, in subsequent analyses of the mutant fusion proteins we used Mn 2+ as the cofactor. As expected, protein A expressed and purified in parallel showed no specific cleavage of LTR substrates. The small amount of -1 product observed with all bacteriallyproduced proteins was assumed to reflect contaminating bacterial exonucleases. H9N and H13N) are denoted by the identity (e.g. H) and location (e.g. residue numbers 9 or 13) of the amino acid in the wild-type protein followed by the new amino acid (e.g. N).
SDS PAGE gels to normalize the amount of protein used in both DNA binding and subsequent endonuclease activity assays. The relative d(AT) copolymer DNA binding activity of these mutant proteins is summarized in Table II IN(1-149)], or further [IN(l-105), IN(l-63) or  IN(1 -19) ], showed no detectable binding. In contrast, the Nterminal deletion which removed both histidine residues of the HHCC region [IN(17-286) ], or fusion proteins with substitutions predicted to disrupt a Zn finger structure (H9N or H13N) , showed slightly increased binding of the copolymer relative to the wildtype IN fusion protein control. We conclude from these results that sequences in the N-terminal HHCC region do not contribute to this sequence-independent DNA binding activity. Indeed, in this construct they seem to partially mask the capacity of the protein to bind the copolymer. On the other hand, sequences in or near to the D(35)E region appear to be necessary for binding and sequences near the C-terminus may enhance this binding.
In experiments summarized in Table HI , we investigated the capacity of fusion proteins with mutations in the HHCC region * Binding was equal to or less than background with no protein or protein A alone. Conditions were as described in Table I. The table shows Figure 5 (data not shown). Thus, the HHCC region, by itself, exhibits neither viral-specific nor sequenceindependent DNA binding.
Site-specific DNA endonuclease activity. IN fusion proteins were tested for Mn 2+ -dependent endonuclease activity using the U3 LTR oligonucleotide substrate. Protein A-IN(H9N), which showed wild-type DNA binding activity, had no detectable endonuclease activity (Fig. 7) . Protein A-IN (H13N) showed a level of endonuclease activity similar to the protein A-IN(wt) control, but produced relatively more (about 30%) of the -3 product than the wild-type enzyme under these assay conditions. Protein A-IN(17-286) was a less active endonuclease and produced approximately equal amount of the -2 and -3 products (Fig. 7) . These three HHCC mutations, which eliminate or modify the specificity of the endonuclease activity, suggest that this region contributes to the recognition of viral target sequences and/or the endonuclease activity. As might be expected, a deletion mutation which showed reduced DNA binding [e.g. protein A-IN(1 -206)], was also negative for endonuclease activity (data are not shown).
DNA binding and endonuclease assays with non-fusion IN mutants.
To test the effects of the H9N and H13N substitutions in the context of mature IN protein, these mutations were transferred to an IN expression clone (pRC23p32; [37] ), and the non-fusion mutant proteins were purified and analyzed. As observed with the fusion proteins, DNA binding activities of both H9N and H13N were similar to wild-type IN (data are not shown). Figure 8A (left) shows the Mn 2 + -dependent endonuclease activity of the non-fusion IN mutant proteins. H9N which was inactive as a fusion protein, now shows activity approximately equal to that of H13N. As can be seen on the gel, and in the quantitation shown in Figure 8B , both mutant proteins were approximately half as efficient as the wild-type protein, but the proportions of -2 and -3 products were similar. All three enzymes also produced a small percentage of products that migrate as a faint ladder above the substrate band. Nucleotide sequence determinations (not shown) indicate that these are products of recombination in which the 3' ends of the oligonucleotide substrates which were cleaved after the CA sequence (Fig. 5B) , are joined to a cleaved internal site in a second oligonucleotide molecule. This cutting and joining reaction mediated by IN alone is consistent with our independent analyses which show that ASLV IN can catalyze integrative recombination [18] .
As has been shown previously, in the presence of Mg 2+ (Fig. 8A, right ) the wild-type IN protein is less active but much more specific for cleavage at the -2 site. However, in these assays the mutant proteins were barely active, producing less than ca. 5% of the -2 product formed by the wild-type enzyme. Thus, the reaction which most closely resembles the in vivo LTR cleavage, seems to be most sensitive to alterations in the HHCC region.
DISCUSSION
Deduced amino acid sequences reveal two conserved regions in the IN proteins of retroviruses and retrotransposons; one, a region with four conserved residues HHCC, and a second, with a conserved D(35)E motif. Except for the defining HHCC residues and a conserved hydrophobic amino acid, the residues in the HHCC regions are poorly conserved, while those in the D(35)E region are strongly conserved. The ASLV IN virion protein has been shown to possess several independently distinguishable functions in vitro: These include DNA binding, cutting, and joining [13, 18] . The goal of this study was to construct altered proteins in order to locate sequences involved in DNA binding, and to investigate the role of the conserved HHCC motif in the DNA binding and endonuclease activities of ASLV IN.
The HHCC region. The possibility that this region may bind a Zn ++ ion has been noted previously [28] . However, the HHCC region of RSV differs from the prototype DNA binding Zn finger (Xfin-31) of Xenopus laevis [51] and the nucleocapsid protein of retroviruses (50) in several respects; the length of the HHCC region in the IN proteins (measured between H13 and C37; Fig. 2 ) is usually either 23 or 32 residues, about twice the size of Xfin-31 and very much longer than that of the nucleocapsid protein; the order of the conserved residues HHCC is different from that found in any of the characterized Zn fingers. Since the formation of a Zn finger depends on the three-dimensional arrangement of the four coordinating residues, rather than on their order in the primary sequence, it seemed reasonable to expect that the HHCC sequence could form a Zn finger similar to that formed by the CCHH sequence.
Along with the HHCC residues, a hydrophobic group (residue 19, L or similar) is strongly conserved in this region of IN. Three other hydrophobic groups are more weakly conserved; L2, residue 23-25 (aromatic), and V33-34. Hydrophobic regions form the cores of globular proteins [52] and tend to be important in defining the shape of proteins [53] . Thus, we could speculate that the conserved location of the hydrophobic residues in the HHCC region is associated with a conserved folding pattern. However, the position of the HH residues varies within the presumed folding pattern and sequence conservation is poor between positions 19 and 33. The structure predictions, which are based on the circular dichroism (CD) data for RSV IN [36] , showed no consistent secondary structure for the HHCC region in different IN proteins. In some cases, these predictions were sensitive to small changes in the CD data and may not be accurate; nevertheless the structural homology between the different HHCC regions appears small. In any case, the structures predicted for the IN HHCC regions are different from that of the Xfin-31 Zn finger [54] .
The structure in the HHCC region could be determined by factors other than the sequence alone; factors such as Zn binding. For peptides derived from a retroviral NC protein, Zn is required to produce the defined secondary structure [50] . However for other Zn fingers, secondary structure predictions [55, 51] confirmed by subsequent structure determination [54] or modelling [56] show that the peptide legs will fold to close to the final structure without Zn.
Our starting hypothesis was that the N-terminal HHCC region may form a 'finger' structure and, like such structures in the wellcharacterized transcription regulatory proteins, this region might be important in DNA binding IN(1 -149), (1 -105), (1 -63) ], showed no detectable DNA binding.
We also made more modest changes designed specifically to disrupt a Zn finger [IN(17-286), (H9N), (H13N) ]. Somewhat surprisingly, we found that these altered proteins bound DNA as well or better than the wild-type IN, whether the substrate was a d(AT) copolymer or a 350 base pair fragment of DNA that contained RSV LTR sequences. When the latter substrate was incubated with a truncated protein which retained an intact HHCC region, [protein A -IN(1 -63) ], neither LTR-specific nor sequence-independent binding was observed. Although these binding assays are limited in sensitivity, the results are clearly inconsistent with the simplest hypothesis, that the N-terminal HHCC region is a DNA binding domain similar to that described for transcription factors.
When these same HHCC mutant IN fusion proteins were tested for endonuclease activity we found that the H13N substitution was less active than wild-type, and the N-terminal deletion [IN(17-286)] was both less active and less specific. However, even with the N-terminal deletion which lacks the two histidine residues of the HHCC region, endonuclease activity was still detectable. As non-fusion proteins, the H9N and H13N substitutions exhibited properties similar to one another. Both were approximately half as active as wild-type IN with Mn 2 + , but the pattern of cutting of LTR sequences seemed not to be affected. Both of the mutant enzymes also exhibited a Mn 2+ -dependent joining reaction, again, with about half the efficiency of wild-type. In the presence of Mg 2+ , where the wild-type IN is less active but apparently more specific for the correct (-2) LTR cleavage site, the H9N and H13N mutants were virtually inactive. The fact that the substitution mutants showed similar properties in Mg 2+ and Mn 2+ supports the notion that the H9 and H13 residues contribute to the same structural element and that this element may be involved in the correct recognition of LTR sequences in the metal-dependent integration reaction. The strong DNA binding function of IN must, however, be encoded in another domain(s). We suggest below that the D(35)E region is a likely candidate.
The D(35)E region.
Sequence alignments have revealed a highly conserved 50 residue section of IN, the D(35)E region. Structure prediction programs suggest a conserved folding pattern. Conserved residues, both positively charged and hydrophobic (57) , could be involved in DNA interactions. Since metal ions (Mg 2+ /Mn 2+ ) are required for the DNA cutting, and joining activities of IN proteins, they might also be bound by conserved residues. The two residues which could serve this role are the conserved D121 and El57 which define the D(35)E region. The conserved D121 is contained in the sequence TDNG or similar (with variability allowed in the 3rd position). A D is found in a similar environment in all eukaryotic protein kinases [58] . Furthermore, in the catalytic subunit of cAMP dependent protein kinase, residues D184 (TDFG context), as well as E91, are protected by MgATP against cross linking. This suggests that D184 and E91 are close to the active site [58] , and that these amino acids play a role in phosphate transfer.
The IN(l-105), IN(l-63) ], showed no significant DNA binding. However other, more direct, analyses will be needed to test this hypothesis and site-directed mutagenesis studies are currently underway.
The similarity in the immediate vicinity of E157, between IN proteins and other DNA cutting and joining enzymes, has been noted before [60] . However, the whole D(35)E region of IN, and not just the residues near El57, is conserved between IN proteins and a number of bacterial IS elements ( Fig. 3; [27] ). This conservation has also been identified in an independent computer study by Fayet et al. [61] . Sequence similarities between the ends of ASLV LTRs and IS elements were noted over a decade ago [12] and a recent comparison of IS inverted terminal repeats [47] shows a high frequency (9 of 26) at the tips of these elements of the sequence 5'TG...CA3'; the same sequence is found at the proviral DNA ends of retroviruses and is part of the cw-acting region required for integration. Mechanisms involved in cutting and joining to host/target DNA may also be similar since a majority of the known IS elements, like retroviruses, generate small direct repeats of target DNA during insertion. The approximate definition of functional boundaries and identification of conserved amino acids will serve as a useful guide for further mutational studies and structure/function analyses of retroviral IN and other prokaryotic and eukaryotic recombination enzymes.
